Objective-Obesity increases the risk of cardiovascular disease and premature death. However, not all obese subjects develop the metabolic abnormalities associated with obesity. The aim of this study was to clarify the mechanisms that induce dyslipidemia in obese subjects. Methods and Results-Stable isotope tracers were used to elucidate the pathophysiology of the dyslipidemia in hypertriglyceridemic (nϭ14) and normotriglyceridemic (nϭ14) obese men (with comparable body mass index and visceral fat volume) and in normotriglyceridemic nonobese men (nϭ10). Liver fat was determined using proton magnetic resonance spectroscopy, and subcutaneous abdominal and visceral fat were measured by magnetic resonance imaging. Serum triglycerides in obese subjects were increased by the combination of increased secretion and severely impaired clearance of triglyceride-rich very-low-density lipoprotein 1 particles. Furthermore, increased liver and subcutaneous abdominal fat were linked to increased secretion of very-low-density lipoprotein 1 particles, whereas increased plasma levels of apolipoprotein C-III were associated with impaired clearance in obese hypertriglyceridemic subjects. Conclusion-Dual metabolic defects are required to produce hypertriglyceridemia in obese subjects with similar levels of visceral adiposity. The results emphasize the clinical importance of assessing hypertriglyceridemic waist in obese subjects to identify subjects at high cardiometabolic risk. 
T he rapid increase in obesity prevalence is one of the major health problems in Western societies and a growing problem in developing countries. 1 Obesity is commonly associated with several metabolic complications, including insulin resistance, type 2 diabetes, dyslipidemia, hypertension, gout, and increased risk of cardiovascular disease. However, obesity is heterogeneous with respect to its adverse metabolic consequences and cardiovascular disease risk, and up to 20% to 30% of obese subjects seem to be metabolically normal. 2 
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In "unhealthy" obesity, the adipose tissue storage capacity is exceeded, which results in ectopic lipid accumulation in several tissues, including liver, skeletal muscle, pancreas, and heart. 3 Ectopic fat deposition is reported to associate with a plethora of cardiometabolic risk factors. 1, 4 In particular, several epidemiological studies indicate that nonalcoholic fatty liver disease (NAFLD), especially in its more severe forms, is linked to an increased risk of cardiovascular disease, independently of underlying cardiometabolic risk factors. [5] [6] [7] This suggests that NAFLD is not merely a marker of cardiovascular disease but may also be actively involved in its pathogenesis. NAFLD is the most common cause of chronic liver disease, with a prevalence of approximately 20% to 30% in the general population and 70% to 80% in patients with type 2 diabetes. 8 We have recently shown that the deposition of fat in the liver is a stronger determinant of increased secretion of the largest triglyceride-rich lipoproteins, very low-density lipoproteins (VLDL 1 ), than body mass index (BMI), insulin resistance, and visceral fat volume. 9 Furthermore, the overproduction of VLDL 1 is linked to the development of an atherogenic dyslipidemia characterized by low high-density lipoprotein cholesterol, hypertriglyceridemia, and an accumulation of small, dense low-density lipoproteins. 10 The relation between liver fat volume and secretion of VLDLapolipoprotein B100 (apoB100) has also recently been shown in obese subjects, 11 and the increased secretion of VLDL 1 -triglycerides in obese subjects with NAFLD has been considered to explain the hypertriglyceridemia in these subjects. [11] [12] [13] [14] However, it should be recognized that serum triglyceride levels are dependent not only on the secretion capacity but also on the removal capacity of triglyceride-rich lipoproteins. The clearance of triglyceride-rich lipoproteins from the circulation is complex and includes both hydrolysis of triglycerides and the consequent removal of remnant particles by the liver. An important modulator of the metabolism of triglyceride-rich lipoproteins in humans is apolipoprotein C-III (apoC-III). [15] [16] [17] [18] Total plasma apoC-III levels have been identified as a major determinant of serum triglycerides, and epidemiological studies have demonstrated that atherogenic lipoproteins containing apoC-III independently predict coronary heart disease. 19, 20 Recent studies have also shown that genetic variants in apoC-III are associated with NAFLD and insulin resistance. 21, 22 In this study, we performed kinetic studies to determine the rate of secretion and turnover of triglycerides and apoB100 in triglyceride-rich VLDL 1 and smaller VLDL 2 lipoproteins to further our understanding of why some, but not all, obese subjects develop dyslipidemia. Specifically, we tested whether hypertriglyceridemia in obese men with similar BMI and waist circumference is caused solely by increased hepatic secretion of VLDL 1 induced by increased liver fat. Our results show for the first time that the serum concentration of triglycerides in obese subjects is increased by dual metabolic defects, namely the combination of increased secretion (linked to increased liver and subcutaneous abdominal fat) and severely impaired clearance of triglyceride-rich VLDL 1 particles (associated with increased plasma levels of apoC-III). These results provide new insights into the pathophysiology of dyslipidemia in obesity.
Materials and Methods

Study Subjects
Obese men were recruited by advertisements in local newspapers. Inclusion criteria included BMI Ն27 kg/m 2 , waist circumference Ն96 cm, and no known diagnoses other than hepatic steatosis. The obese subjects were divided into 2 groups according to their level of serum triglycerides and matched, as well as possible, for BMI and waist circumference. In total, we recruited 14 obese normotriglyceridemic (NTG) men (serum triglycerides Ͻ1.7 mmol/L) and 14 obese hypertriglyceridemic (HTG) men (serum triglycerides Ͼ1.7 mmol/L). In addition, we selected 10 nonobese NTG men (BMI Ͻ27 kg/m 2 , waist circumference Ͻ96 cm, serum triglycerides Ͻ1.7 mmol/L) from our database of performed kinetic studies. 9, 13, 23, 24 None of the subjects were taking lipid-lowering treatment or any other drug modifying lipid measures. The study design was approved by the local ethics committee, and each subject gave written informed consent before participation in the study. All samples were collected in accordance with the Helsinki Declaration.
Kinetic Protocol, Isolation of Lipoproteins, and Biochemical Analyses
The subjects were admitted at 7:30 AM, and baseline blood samples were taken. At 8:00 AM, a bolus injection of [1,1,2,3,3-2 H 5 ]glycerol (500 mg) and [5,5,5-2 H 3 ]leucine (7 mg/kg) was given and blood was drawn as previously described. 24 Isolation of VLDL 1 and VLDL 2 and measurements of enrichment of leucine in apoB100 and glycerol in triglycerides were performed as described. 24 Total apoB100 and triglyceride content in VLDL 1 and VLDL 2 were determined at 0, 4, and 8 hours after tracer injection. Biochemical analyses were performed, and low-density lipoprotein peak size was measured as described. 13 
Kinetic Modeling
Times series data from enrichments of plasma leucine, leucine in apoB100 from VLDL 1 and VLDL 2 , and glycerol from triglycerides from VLDL 1 and VLDL 2 were used as inputs to the kinetic model together with pool size measurements to simultaneously determine the kinetics of VLDL-triglycerides and apoB100. 24 
Determination of Liver, Subcutaneous, and Visceral Fat
Liver fat was determined using proton magnetic resonance spectroscopy, and subcutaneous abdominal and visceral fat were measured by magnetic resonance imaging as described. 25 
Genetic Studies
The single-nucleotide polymorphisms rs2854116 (455TϾC) and rs2854117 (482CϾT) in apoC-III were analyzed in 7 of the nonobese NTG subjects, 12 of the obese NTG subjects, and 14 of the obese HTG subjects as described. 21 
Statistical Analysis
The 3 groups were compared with 1-way ANOVA with subsequent Bonferroni corrected post hoc test. Bivariate correlations were performed using linear correlations (Pearson). Multivariate correlation analyses were performed as stepwise linear regression analysis, with an a priori exclusion of parameters using a bivariate correlation with a significance level above 0.10. For all analyses, a 2-tailed significance level below 0.05 was considered significant.
Results
Basic Characteristics
The basic characteristics of the study subjects are presented in Table 1 . The obese HTG subjects showed all features of an atherogenic dyslipidemia with hypertriglyceridemia, low 
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high-density lipoprotein cholesterol, smaller low-density lipoprotein peak diameter, and a high concentration of apoB. The obese HTG subjects had elevated insulin levels and higher homeostasis model assessment of insulin resistance compared with both the nonobese and obese NTG subjects, but plasma glucose levels were comparable between the groups. The serum triglycerides and apoB were comparable in the nonobese and obese NTG subjects. The visceral fat content was comparable in the obese NTG and HTG subjects but significantly higher in these 2 groups than in the nonobese NTG subjects ( Figure 1A ). In contrast, there was a stepwise increase in the subcutaneous abdominal ( Figure 1B ) and liver fat content between the nonobese NTG, obese NTG, and obese HTG subjects ( Figure 1C ). Further subdivision of visceral and subcutaneous fat into subcompartments revealed that in the 2 obese cohorts, the intraperitoneal and retroperitoneal fat depots were comparable, indicating that total visceral fat volume is a good marker. There was a trend toward a difference in superficial subcutaneous fat (Supplemental Figure I , available online at http://atvb.ahajournals.org). 41, PϽ0.05) . Kinetic studies showed that obese HTG subjects displayed a significantly increased secretion of VLDL 1 -triglycerides and apoB100 compared with nonobese NTG subjects and that obese NTG subjects showed a clear trend for increased secretion of VLDL 1 -triglycerides and apoB100 ( Figure 1D and Table 2 ).
Liver and Subcutaneous Abdominal Fat as Predictors of Serum Triglycerides and VLDL 1 Secretion
The VLDL 1 -triglyceride and apoB100 secretion rates in both the total cohort and the obese subjects correlated with liver fat and subcutaneous abdominal fat (Figure 2A and 2B and  Supplemental Tables I and II) . In contrast, visceral fat correlated positively with VLDL 1 -triglyceride and apoB100 secretion only in the total cohort and not in the obese subjects ( Figure 2C and Supplemental Tables I and II) . Correlation analysis further revealed that deep subcutaneous fat correlated with VLDL 1 -triglyceride (rϭ0.47, PϽ0.05) and apoB100 (rϭ0.46, PϽ0.05) secretion rates, whereas superficial subcutaneous fat did not.
A multivariate regression analysis with fat compartments as independent variables and VLDL 1 -triglyceride or apoB100 secretion rates as dependent variables showed that liver fat and subcutaneous abdominal fat were independent predictors of VLDL 1 -triglyceride and apoB100 secretion in the total cohort (triglyceride and apoB100: PϽ0.05 for both liver fat and subcutaneous abdominal fat, adjusted r 2 ϭ0.37) but that liver fat was the only independent predictor in the obese subjects (triglyceride and apoB100: PϽ0.01 for liver fat, adjusted r 2 ϭ0.21). In line with our previous results, 13 BMI, waist circumference, insulin, and homeostasis model assessment of insulin resistance also correlated univariately with VLDL 1 -triglyceride and apoB100 secretion (Supplemental Tables I and II) but did not remain significant predictors in multivariate analyses (data not shown).
Taken together, these data show that liver and subcutaneous abdominal fat are significant predictors for the secretion of VLDL 1 -triglycerides and apoB100. However, the variation in VLDL 1 -triglyceride secretion could explain only 27% of the variation in plasma triglycerides in the total cohort and only 17% of the variation in the obese cohort (square of r-values from univariate regression analysis in Supplemental  Tables I and II) .
Role of the Clearance Capacity of VLDL 1 Particles as a Predictor of Hypertriglyceridemia in Obese Subjects
Turnover (measured as fractional catabolic rate [FCR]) of VLDL 1 -triglycerides and apoB100 was similar in nonobese and obese NTG subjects and approximately 50% lower in obese HTG subjects ( Figure 1E and Table 2 ). The FCR of VLDL 1 -triglycerides correlated negatively with serum triglycerides in both the obese and the total cohorts (all: rϭϪ0.64; PϽ0.001; obese: rϭϪ0.60, PϽ0.001). Further analysis showed that the decreased turnover of VLDL 1 -triglycerides in the obese HTG subjects was caused by both decreased lipolytic conversion of VLDL 1 to smaller VLDL 2 particles (measured as the fractional transfer rate of VLDL 1 -triglycerides) and decreased direct FCR of VLDL 1 , indicating impaired cellular uptake ( Table 2 ). The fractional transfer rate of VLDL 1 -apoB100 was also significantly decreased in the obese HTG subjects (Table 2) . Interestingly, the decreased lipolytic clearance (measured as the fractional transfer rate) of VLDL 1 particles could explain 46% of the variation in plasma triglycerides in the total cohort and 48% in the obese subjects (square of r-values in Supplemental Tables I and II) .
These data indicate that the combination of increased secretion and delayed clearance of VLDL 1 -triglycerides accounts for the elevation of triglycerides in the obese subjects. Indeed, a multivariate analysis showed that the combination of increased secretion and impaired clearance of triglyceriderich VLDL 1 particles explained approximately 74% of the variation of plasma triglycerides in the total cohort and 69% in the obese cohort (Supplemental Table III ). The increased hepatic secretion of lipoproteins was selective for VLDL 1 particles, as there were no significant differences in the secretion or turnover of VLDL 2 -triglycerides or apoB100 between any of the groups (except for a small increase in VLDL 2 -triglyceride secretion in the obese HTG subjects) ( Table 2) .
ApoC-III Associates With the Turnover of VLDL 1 and VLDL 2 Particles and Is a Determinant of the Elevation of Serum Triglycerides in Obesity
The plasma concentration of apoC-III showed a stepwise increase between nonobese NTG, obese NTG, and obese HTG subjects ( Figure 1F ). As expected, apoC-III levels correlated with serum triglycerides levels in both the obese and total cohorts (all: rϭ0.53; PϽ0.001; obese: rϭ0. 42 Tables I and II) . However, apoC-III strongly correlated with both the fractional catabolic rates and the fractional transfer Pϭ0 .002) (D) in both the total cohorts (nϭ38) and the combined group of normo-and hypertriglyceridemic obese subjects (nϭ28). Data indicate nonobese normotriglyceridemic subjects (E) and obese normo-and hypertriglyceridemic subjects (F). Linear correlations are shown for the total cohort (solid lines) and for the obese group (dashed lines). 
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rates of VLDL 1 -and VLDL 2 -triglycerides and apoB100 in both the total cohort and the obese subjects ( Figure 2D and Supplemental Tables I and II) . No measure other than the plasma concentration of apoC-III correlated with the FCR of VLDL 1 -and VLDL 2 -triglycerides or apoB100 (Supplemental Tables I and II) . Thus, apoC-III seems to explain the marked difference in FCR between the 2 obese groups. Importantly, lipoprotein lipase mass concentration in serum was comparable in the 2 obese groups, reinforcing the role of apoC-III as the inhibitor of lipolysis (Table 1) .
To assess whether differences in liver fat and apoC-III levels were associated with the known single-nucleotide polymorphisms rs2854116 (455TϾC) and rs2854117 (482CϾT) in apoC-III, 21 we analyzed genotype in most of the study subjects (7 nonobese NTG, 12 obese NTG, and 14 obese HTG subjects). The frequency of the risk alleles (at least 1 risk allele/wild-type) were not significantly different between the obese NTG (7/5) and the obese HTG (10/4) subjects. Likewise, there were no differences in liver fat, apoC-III, serum triglycerides, or any kinetic measure between the noncarriers and the carriers of at least 1 risk allele (Supplemental Tables IV and V) .
Discussion
In this study, we tested the hypothesis that hypertriglyceridemia in obese men with similar BMI and waist circumference is caused by increased hepatic secretion of VLDL (induced by increased liver fat). Unexpectedly, our results show that the hypertriglyceridemia is explained by the combination of increased secretion and severely impaired clearance of triglyceride-rich VLDL 1 particles. The increased liver and subcutaneous abdominal fat are linked to increased secretion of VLDL 1 particles, whereas increased plasma levels of apoC-III are associated with impaired clearance in obese HTG subjects. These results provide new insights into the pathophysiology of dyslipidemia in obesity.
The distribution of fat depots can be highly variable despite equal BMIs. Individuals with increased waist circumference (ie, a surrogate marker of visceral adipose depot) show metabolic dysfunctions and a cardiovascular risk profile, and excess visceral fat is considered to be the culprit of unhealthy obesity. 1,2,4 As visceral fat correlates with liver fat content, it has been difficult to differentiate the adverse metabolic effects of these ectopic fat depots. 13, 26, 27 Therefore, we designed our study to include 2 obese groups with comparable BMIs and visceral fat volumes. However, the obese HTG subjects had more abdominal subcutaneous fat than the obese NTG subjects. It has been previously shown that the crosssectional area of subcutaneous abdominal fat measured by computed tomography (or magnetic resonance imaging) is closely correlated with total body fat. 28 Therefore, we cannot exclude the possibility that obese HTG subjects, despite not showing difference in BMI, had a greater total body fat content than obese NTG subjects.
The secretion rate of large VLDL 1 particles was markedly elevated in the obese HTG group compared with nonobese subjects, and this increased secretion was associated with higher liver fat content. Analysis of how liver, subcutaneous abdominal, and visceral fat volumes correlated with VLDL 1 -triglyceride and apoB secretion rates showed that liver fat came out as the strongest predictor, but abdominal fat also remained significant in multiple regression analyses in both the total cohort and in the obese groups. However, it is uncertain whether these relationships are also valid at the population level. Our results reinforce our previous results showing that liver fat content is a driving force for the overproduction of VLDL 1 -triglycerides and apoB. 13 The data are supported by recent results showing that increased visceral adipose tissue is not associated with increased secretion of VLDL or insulin resistance without concomitant increase of liver fat. 29 Indeed, substantial evidence has accumulated to indicate the coexistence of hypertriglyceridemia, hepatic steatosis, and insulin resistance independently of visceral adiposity. 2, 12, 30 The hepatic uptake of fatty acids is not regulated, and as a result, the plasma nonesterified fatty acid (NEFA) concentration is directly related to the influx of fatty acids to the liver. 31 Release of fatty acids from the adipose tissue contributes approximately 80% of fatty acid content to the plasma NEFA. 31 Interestingly, only 20% of NEFA in portal vein plasma NEFA originates from visceral adipose tissue in obese people even in viscerally obese people. 14, 32, 33 Thus, the contribution of excess NEFA release from visceral fat depots to VLDL-triglyceride secretion remains limited compared with that from other fat depots. 32, 34 Our results showed that visceral fat correlated univariately with the secretion rates of VLDL-triglycerides and apoB100 in the total cohort but not in the obese group. A tentative explanation for this is that the lipolytic activity in visceral adipose tissue (a function of adipose tissue volume and lipolytic rates) is small compared with subcutaneous adipose tissue lipolytic activity. 32 Thus, the visceral fat is an important regulator of VLDL secretion in moderately, but not in severely, obese subjects. The importance of the subcutaneous abdominal fat volume as a source for plasma NEFA is highlighted by our finding that subcutaneous abdominal fat volume strongly associated with VLDL 1 -triglycerides and apoB100 secretion rates in univariate analyses in both the total cohort and the obese group and in multivariate analyses in the total cohort.
Our results show that the increased secretion of VLDL 1 -triglycerides explains only a minor part (approximately 17%) of the increased serum triglycerides in the obese subjects. Because it is known that serum triglyceride levels are dependent not only on the secretion capacity but also on the rate of clearance of VLDL 1 -triglycerides, we hypothesized that the elevation of serum triglycerides in obese HTG subjects may also involve a defect in clearance. Indeed, the turnover of VLDL 1 -triglycerides in obese HTG subjects was markedly impaired compared with obese and nonobese NTG subjects. Furthermore, we observed strong inverse correlations between serum triglycerides and the fractional catabolic rate of VLDL 1 -triglycerides and apoB in all subjects, as well as in obese subjects, highlighting the importance of VLDL 1 clearance as a determinant of serum triglycerides. A great variability of clearance capacity in obese subjects has been reported by Grundy et al, 35 who recognized an obese group with robust overproduction but normal serum triglyceride levels. However in the majority of obese subjects, both overproduction and impaired clearance of VLDL-triglycerides contributed to the elevation of serum triglyceride levels. Based on our results, we hypothesize that the clearance capacity of VLDL 1 in obese NTG subjects is able to compensate for some increase of VLDL 1 secretion and maintain a normal serum triglyceride concentration. In contrast, the combination of impaired clearance and excess VLDL 1 secretion results in hypertriglyceridemia. Importantly, the impaired clearance explained Ϸ48% of the increased serum triglycerides in the obese subjects. Collectively, our data suggest that dual defects are required to produce the elevation of serum triglycerides in obese subjects. Combination of VLDL production and defective clearance has been reported to coexist in familial hypertriglyceridemias also, highlighting the issue that the catabolic rate of VLDL-triglyceride is under genetic control. 36, 37 To further elucidate the mechanism for the impaired turnover of triglyceride-rich lipoproteins, we focused on apoC-III because this apolipoprotein is a determinant of serum total and VLDL-triglycerides, as well as of the VLDL catabolic rate. 16, 18 Obese HTG subjects had clearly higher apoC-III levels than either control subjects or obese NTG subjects. The data are in line with the results of Chan et al, who reported elevation of serum apoC-III in centrally obese men. 17 As expected, plasma apoC-III levels correlated negatively with FCR of VLDL 1 -triglycerides and apoB as well as fractional transfer rates of VLDL 1 -triglycerides and apoB within the obese subjects and the total cohort. Likewise, the FCR of VLDL 2 -triglycerides and apoB correlated negatively with plasma apoC-III levels. Overall, these data highlight the critical importance of apoC-III in the metabolism of triglyceride-rich lipoproteins as a determinant of the hydrolytic capacity, in accordance with previous studies. 38 Emerging results indicate that apoC-III is linked not only to the turnover of triglyceride-rich lipoproteins but also to the biosynthesis of VLDL particles. 16, 18, 39 Interestingly, the transcription factor Forkhead box (Fox) 01 has been shown to regulate the expression of both apoC-III and the microsomal triglyceride transfer protein, which is involved in hepatic assembly of VLDL. 40 Thus, the expression of apoC-III is closely linked to the biosynthesis of VLDL particles. Furthermore, recent kinetic data by Pavlic et al suggest that triglyceride-rich lipoprotein-associated apoC-III production is stimulated by plasma free fatty acids in humans. 41 The authors suggest that fatty acids may increase apoC-III at the posttranslational level. Collectively, these data indicate that apoC-III may indeed enhance the production of large VLDL particles in the setting of excess triglyceride availability in the liver as seen in NAFLD. This mechanism would also explain why carriers of apoC-III variants (482CϾT and 455TϾC) have elevated serum triglycerides and apoC-III and also an increased prevalence of NAFLD. 21 In our study, we could not confirm these results, and larger replication studies are needed to verify the suggested association between these single-nucleotide polymorphisms and liver fat content. However, we did observe a small but significant correlation between serum apoC-III levels and liver fat content.
It would have been interesting to measure apoC-III kinetics concomitantly with VLDL-triglyceride and apoB kinetics.
However, we were unable to do this because we did not have enough samples of VLDL subspecies, and therefore we cannot address the role of apoC-III as a potential stimulator of VLDL production. Likewise, we did not evaluate the lipoprotein lipase activity, which would have given more direct information on the impact of apoC-III in the lipolytic process. However, lipoprotein lipase mass concentration in serum was comparable in the 2 obese groups, reinforcing the role of apoC-III as the inhibitor of lipolysis. Furthermore, it is not possible to address molecular mechanisms at the level of the liver in an in vivo human study, and thus we cannot rule out the option that the relationship between apoC-III and liver fat is secondary. It would also have been interesting to characterize the VLDL 1 and VLDL 2 particles in terms of apoC-III content, as recent results show that there may be distinct pools of VLDL with different apoC-III composition. 42 However, as apoC-III are loosely attached to the lipoproteins, they may be detached from the lipoproteins during the ultracentrifugation procedure. 43 In conclusion, our study provides novel evidence that dual metabolic defects are associated with hypertriglyceridemia in obese subjects with similar levels of visceral adiposity. Thus, an increased liver fat content represents a dietary-and lifestyle-modifiable "metabolic" component of hypertriglyceridemia. The results emphasize the clinical importance of assessing HTG waist to identify obese subjects at high cardiometabolic risk. 44 
